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Almost all extensions of the Standard Model predict the existence of charged Higgs bosons. This
talk focuses on the minimal supersymmetric extension of the Standard Model (MSSM), which
is relatively predictive. The outlook for detecting supersymmetric particles and Higgs bosons at
the LHC are discussed, as are the prospects for finding indirect effects of supersymmetric Higgs
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Outlook
1. Beyond the Minimal Higgs Model
Rare is the theorist who advocates the minimal Higgs model for electroweak symmetry break-
ing (EWSB), based on a single elementary doublet of Higgs fields. It is well-known that quantum
corrections render the required small mass scale mW ≪ mGUT or mP very unnatural, and this mo-
tivates many non-minimal Higgs models, such as composite Higgs scenarios and supersymmetric
extensions of the Standard Model. Accordingly, (almost) all models of EWSB are non-minimal,
featuring either one or more additional Higgs doublets, and possibly other Higgs fields, either sin-
glets or triplets of weak SU(2). The only scenarios without charged Higgs bosons are those where
the supplementary Higgs fields are all singlets, but the preferred scenarios are those with extra
Higgs doublets, and hence charged Higgs bosons.
The minimal two-Higgs-doublet model (THDM) has five physical Higgs bosons: two charged
(H±) and three neutral, two of which are scalars (the lighter h and the heavier H) and one pseu-
doscalar (A). The most studied type of THDM is the minimal supersymmetric extension of the
Standard Model (MSSM) [1], in which the effective Higgs potential has specific restrictions, re-
sulting from the specification in supersymmetry of the quartic Higgs couplings in terms of the
gauge couplings, and the pattern of supersymmetric radiative corrections. There was considerable
discussion of more general THDMs during this workshop, but in this talk I focus on variations of
the MSSM, since these are the most predictive.
2. Supersymmetric Higgs Models
This concentration on supersymmetry merits a few more words of motivation. There are many
reasons to like supersymmetry: its intrinsic beauty, its use in rendering the hierarchy mW ≪ mGUT
or mP more natural [2], its help in promoting the unification of the gauge couplings [3], the fact
that it predicts a relatively light Higgs boson weighing < 150 GeV [4], as suggested by precision
electroweak data [5], the fact that it provides a plausible candidate for the cold dark matter [6],
and the fact that it is an (almost) essential ingredient in string theory. Fig. 1 displays the latest
indications concerning the Higgs mass [7], showing the likelihood function obtained by combining
the negative results of Higgs searches at LEP and (more recently) the Tevatron with the indications
on the Higgs mass provided by precision electroweak data. Taken together, they suggest strongly
that mh ∈ (114,140) GeV, in good agreement with the prediction of supersymmetry for the mass
of the lighter scalar Higgs boson. We will see later what indications there may be on the possible
masses of the heavier supersymmetric Higgs bosons.
Enthused now by supersymmetry, we now focus on specific supersymmetric models. Within
the MSSM framework, the properties of the Higgs sector are characterized at the classical level by
the supersymmetric coupling m between the Higgs doublets and the related bilinear soft supersymm-
etry-breaking parameter B, by the ratio of Higgs vacuum expectation values (VEVs), and by the
supersymmetry-breaking contributions m0 to the masses of the two Higgs doublets. At the loop
level, there is also sensitivity to the supersymmetry-breaking contributions m0,m1/2 to the masses
of the other MSSM particles, and to the soft trilinear supersymmetry-breaking parameters A. It
is often assumed that these parameters are universal at the GUT scale, a framework referred to as
the constrained MSSM (CMSSM). This is not the same as minimal supergravity (mSUGRA), in
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Figure 1: The c 2 function for the mass of the Higgs boson in the Standard Model [7], combining the neg-
ative results of direct searches at LEP [8] and the Tevatron collider [9] with the indications from precision
electroweak measurements[5].
which there are additional relations for the gravitino mass: m3/2 = m0, and between the bilinear
and trilinear supersymmetry-breaking parameters: B = Am0.
One may also consider scenarios with non-universal supersymmetry-breaking scalar masses.
Universality for the different sfermions with the same quantum numbers e.g., d,s squarks, is
favoured by upper limits on flavour-changing neutral interactions beyond the Standard Model [10,
11]. These arguments do not extend to squarks with different quantum numbers, or to squarks and
sleptons, but these are also expected to be universal in various GUT models, e.g., m
˜dR = me˜L ,m ˜dL =
mu˜L = mu˜R = me˜R in SU(5), all squark and slepton masses equal in SO(10). However, there are
no arguments to forbid non-universal supersymmetry-breaking contributions to the masses of the
Higgs masses. If one allows these to vary independently of the common scalar masses m0 of the
squarks and sleptons, there are one or more extra parameters compared to the CMSSM, depending
whether the Higgs masses are assumed to be equal (NUHM1) or allowed to differ (NUHM2) [12].
In what follows, we will use the CMSSM, NUHM1 and NUHM2 as guides to the outlook for
charged Higgs physics.
3. Constraints on Supersymmetry
There are important constraints on supersymmetric models from the absence of sparticles at
LEP, which tell us that the selectron and chargino weigh more than about 100 GeV [13], and the
Tevatron [14], which tells us that squarks and gluinos weigh more than about 300 GeV. There are
also important indirect constraints from the LEP lower limit on the Higgs mass of 114 GeV [8],
and from the measured rate for b → sg [15] (other B-decay constraints such the upper limit on
3
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Bs→ m + m − decay are also important at larger tan b ). The density of astrophysical cold dark matter:
0.094 < W CDMh2 < 0.124 [16] is also an important constraint. The most studied supersymmetric
candidate for the cold dark matter particle is the lightest neutralino c . Assuming this to be the case,
the relic density range tightly constrains one combination of the supersymmetric model parameters,
restricting them to a narrow strip in the sample CMSSM (m1/2,m0) plane shown in Fig. 2 [17]. We
see that relatively heavy sparticle masses would be compatible with the above constraints.
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Figure 2: The (m1/2,m0) planes for (left) tan b = 10 and (right) tan b = 50, assuming m > 0, A0 = 0,
mt = 175 GeV and mb(mb)MSSM = 4.25 GeV [17]. The near-vertical (red) dot-dashed lines are the contours
for mh = 114 GeV, and the near-vertical (black) dashed line is the contour m
c
± = 104 GeV. Also shown by
the dot-dashed curve in the lower left is the region excluded by the LEP bound me˜ > 99 GeV. The medium
(dark green) shaded region is excluded by b→ sg , and the light (turquoise) shaded area is the cosmologically
preferred region. In the dark (brick red) shaded region, the LSP is the charged ˜t 1. The region allowed by the
E821 measurement of a
m
at the 2- s level, is shaded (pink) and bounded by solid black lines, with dashed
lines indicating the 1- s ranges.
The most controversial constraint on the supersymmetric parameter space is that imposed by
the BNL measurement [18] of the anomalous magnetic moment of the muon, g
m
− 2. There has
been a longstanding disagreement between the Standard Model predictions based on low-energy
e+e− data (which suggest a discrepancy exceeding 3 s that could easily be accommodated by
supersymmetry [19]) and on t decay data (which do not exhibit any significant discrepancy). Re-
cently, a new preliminary e+e− measurement by the BABAR Collaboration using the radiative-
return technique has been announced, which agrees better with the t decay data [20]. Therefore,
the experimental situation currently remains unclear. Fig. 2 displays the region of the sample
CMSSM (m1/2,m0) plane that would be favoured at the 1- and 2-s levels within the standard inter-
pretation of the g
m
−2 measurement, based on e+e− data [17]. If this constraint is valid, it would
suggest that sparticles may be relatively light.
4. The LHC
In the immediate future, the best outlook for charged Higgs physics lies with the LHC, which
4
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started operation on Sept. 10th, shortly before this meeting. The CERN accelerator team was
quickly able to circulate beams in both directions, to capture and bunch one beam with the RF
system, and to store it for tens of minutes [21]. These successes augur well for the successful
future operation of the LHC. All the experiments recorded events, notably beam ‘splash’ events in
which the beam struck an upstream beam stop and generated large numbers of particles that passed
through the detectors. These enabled timing, alignment and calibration issues to be resolved, and
demonstrated that the detectors were operational and ready to take collisions.
There was therefore particularly strong disappointment on Sept. 19th when, during the pre-
sentation of this talk, an electrical problem in the interconnect between two LHC magnets caused
a massive Helium leak and collateral damage that put a premature end to LHC operations for the
rest of the year. At the time of writing, the source of the problem has been understood, and it does
not seem to be a major design problem [22]. The damage is being made good, and precautions are
being taken to avoid such an incident in the future and to mitigate the consequences of any simi-
lar incident, should one ever recur. The current plan is to complete the repairs during the normal
CERN winter accelerator shutdown period, then cool down the repaired LHC sectors. Barring any
unforeseen problems, it should be possible to restart operations in the Summer of 2009, aiming at
collisions at 10 TeV in the centre of mass.
5. How soon might Supersymmetry be Detected?
A likelihood analysis of the CMSSM and the NUHM1, implementing all the constraints men-
tioned previously, including the controversial g
m
− 2 constraint, was recently performed in [23].
Fig. 3(a) displays in the CMSSM (m1/2,m0) plane the best-fit point (black dot), and the regions
of supersymmetric parameter space favoured at the 68 and 95% confidence levels (blue and red
hatched regions, respectively). Also shown are the regions of the (m1/2,m0) plane excluded by
previous LEP and Tevatron searches (black hatched regions), and the regions where the LHC could
discover supersymmetry at the 5-s level with the indicated amounts of luminosity: 50/pb at 10 TeV
in the centre of mass, and 100/pb or 1/fb at the design energy of 14 TeV in the centre of mass. We
see that the best-fit point could be discovered with just 50/pb at 10 TeV, that 100/pb at 14 TeV
would suffice to discover supersymmetry in the 68% confidence-level (C.L.) region, and that 1/fb
at 14 TeV would cover almost all the 95% C.L. region in the CMSSM. Fig. 3(b) displays the corre-
sponding analysis for the NUHM1, which reaches rather similar conclusions, though the favoured
regions extend to somewhat larger values of m1/2. It should be emphasized, though, that these
conclusions depend crucially on the implementation of the questionable g
m
−2 constraint.
As shown in Fig. 4, there are several channels in which supersymmetry could be detected at
the LHC, notably including various jet and lepton channels accompanied by the classic missing-
energy signal of the escaping dark matter neutralinos. We also see that searches for the lightest
supersymmetric Higgs boson in supersymmetric decays could also play an interesting role, though
perhaps not in the most favoured regions of parameter space.
The best-fit spectra in the CMSSM and NUHM1 are shown in Fig. 5 [23]. We see that the
favoured slepton, squark, gluino and lighter neutralino and chargino masses are quite similar in
the two scenarios, though somewhat lighter in the NUHM1 because the best-fit value of m1/2 is
slightly lower. On the other hand, the heavier neutralinos and chargino are significantly heavier in
5
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Figure 3: The (m0,m/2) planes for (left) the CMSSM and (right) the NUHM1 [23], displaying the best-fit
points (black dots), the 68% C.L. regions (blue hatching), the 95% C.L. regions (red hatching) and the region
excluded by LEP [13] and Tevatron [14] searches (black hatching). Also shown are the 5- s supersymmetry
discovery reaches at the LHC assuming 50/pb of data at 10 TeV, 100/pb at 14 TeV, and 1/fb at 14 TeV, as
estimated for the indicated values of the supersymmetric model parameters.
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Figure 4: The same (m0,m/2) planes for (left) the CMSSM and (right) the NUHM1 as in Fig. 3 [23], this
time displaying the LHC discovery reaches in several different channels with 1/fb at 14 TeV, and the light
Higgs discovery potential in supersymmetric cascades with 2/fb at 14 TeV, as estimated for the indicated
values of the supersymmetric model parameters.
the NUHM1, and the heavier Higgs bosons are significantly lighter. We will discuss later how this
might affect the prospects for discovering the heavier MSSM Higgs bosons at the LHC.
As can be seen in Fig. 4, one of the most promising channels for discovering a supersymmetric
signal is in the same-sign dilepton signal (SS). An early measurement of the edge of the dilepton
mass spectrum might constrain significantly the supersymmetric parameter space [23], and thereby
refine the prospects for discovering the heavier Higgs bosons at the LHC within various different
models.
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Figure 5: The supersymmetric spectra at the best-fit points for (left) the CMSSM and (right) the
NUHM1 [23]. Note that the heavier Higgs bosons, squarks sleptons, gluinos and lowest-lying inos are
somewhat lighter in the NUHM1, whereas the highest-lying inos are somewhat lighter in the CMSSM.
6. Will the heavier Supersymmetric Higgs Bosons be discovered at the LHC?
There have been many studies of the prospects for discovering the heavier Higgs bosons at
the LHC, usually presented as surveys of some (mA, tan b ) plane for fixed values of the other
MSSM parameters [24]. Early studies indicated that the heavier Higgs bosons might be detectable
with 300/fb of data, no matter what the value of tan b if mA < 200 GeV, and for tan b > 10 if
mA < 600 GeV. The most promising search channels seem to be H±→ t n or t ¯b and H,A→ m m and
t t . However, these analyses needed to be validated with the latest and best available simulations
of ATLAS [25] and CMS [26]. Some updated sensitivities to charged Higgs bosons estimated
assuming 30/fb of data are shown in Fig. 6 [27]. We see that varying m can have a significant effect
on the regions of the (mA, tan b ) plane that are accessible, and this is also true of the other MSSM
parameters displayed in the legends.
These and some previous analyses were made with specific choices of the low-energy MSSM
parameters that are not necessarily possible within the CMSSM or NUHM1(2) frameworks. Nor
do these analyses necessarily take into account all the phenomenological constraints used in the
previous analysis, specifically the cold dark matter constraint [28]. This point is demonstrated in
Fig. 7, where we see explicitly that most of a sample (mA, tan b ) plane for certain fixed values of
m ,m1/2 and m0 is compatible with mh and b → sg , but not necessarily with g m − 2. More impor-
tantly, we see that only two near-vertical, very narrow strips of the sample (mA, tan b ) plane on
either side of the (blue) line where m
c
= mA/2 are compatible with the cold dark matter constraint.
The band between the two strips is under-dense, which might be permissible if there is some addi-
tional source of cold dark matter. On the other hand, the exterior regions are over-dense and hence
forbidden. However, one can construct an acceptable (mA, tan b ) plane in the NUHM2 by varying
m1/2 with mA, so as to maintain the appropriate relic density by keeping m c slightly 6= mA/2 [28],
7
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Figure 6: Discovery reach for (left) a light and (right) a heavy charged Higgs boson in the (mH± , tan b )
plane for a maximal Higgs mixing scenario, in CMS with 30/fb [27].
e.g.,
m1/2 ∼
9
8mA for m0 = 800 GeV, m = 1000 GeV. (6.1)
Acceptable NUHM2 planes can also be obtained [28] by varying m with mA, e.g.,
m ∼ 250 to 400 GeV for m1/2 = 500 GeV,m0 = 1000 GeV. (6.2)
These have been used to make global fits to the electroweak and B-decay observables with the
supersymmetric model parameters varying across these (mA, tan b ) planes, treating the relic neu-
tralino density as a fixed constraint. These serve as a more suitable NUHM2 framework for assess-
ing the outlook for heavy Higgs boson searches at the LHC and elsewhere.
The left panels of Fig. 8 display the plane (6.1), and the right panels show the plane (6.2) [28].
The black regions are excluded by the LEP Higgs searches, the regions shaded blue (yellow) are
favoured by the global fit at the 68% (95%) confidence levels, and the best-fit points in these planes
are indicated by red crosses. Also shown in the top panels are the regions accessible to LHC
searches for the heavy MSSM Higgs bosons in the channels H/A → t t and H± → t n . We see
that the H± search is likely to be effective at large tan b and small mA, whereas the H/A searches
should be able to extend to lower tan b and larger mA, covering (most of) the 68% confidence-level
regions.
The lower panels of Fig. 8 display the sensitivities of various B-physics observables in the
planes (6.1, 6.2) [28], including Bu → t n (which is sensitive directly to the charged Higgs boson),
Bs → m m (which is sensitive to the closely-related heavy neutral Higgs bosons H/A), and b→ sg
(which is sensitive to cancellations between heavy Higgs contributions and sparticle exchanges).
We see that these have good prospects for exploring large areas of the (mA, tan b ) planes, including
the regions favoured at the 68% confidence level. Thus these indirect searches play important roles
in the outlook for charged Higgs physics.
8
Outlook
100 200 300 400 500 600 700 800 900 1000
2
10
20
30
40
50
57
ta
n 
b
 
mA (GeV)
  m  = 1000 ,  m1/2 = 600 ,  m0 = 800 , A0 = 0
Figure 7: The (mA, tan b ) plane in the NUHM2 with the indicated choices of m ,m1/2,m0 and A0 [28]. The
region excluded by b→ sg is shaded dark (green), and that favoured by g
m
− 2 is shaded light (pink). The
near-vertical strips with the neutralino relic density in the range favoured by astrophysics are shaded light
(turquoise): they lie on either side of the (blue) line where m
c
= mA/2. The LEP Higgs constraint is shown
as a (red) dot-dashed line.
7. Charged Higgs Effects in K Physics?
It has recently been pointed out [29] that there is an interesting opportunity to study charged
Higgs physics in K decays by probing lepton universality in K → ℓ n decays, via the ratio
RLFVK ≡
S i G (K → en i)
S i G (K → m n i) . (7.1)
The present experimental range for the new physics contribution to RLFVK is (−0.063,0.017), and
the NA62 experiment at CERN is set to reduce this range by an order of magnitude. There are two
potentially-important charged-Higgs contributions to RLFVK : from lepton-flavour-violating contri-
butions to ℓH± n
t
vertices:
ℓH± n
t
→ g2√
2
m
t
MW
D
3ℓ
R tan
2
b , ℓ= e, m , (7.2)
and from non-universality in the lepton-flavour-conserving H± vertices:
ℓH± n ℓ → g2√2
mℓ
MW
tan2 b
(
1+ m t
mℓ
D
ℓℓ
RL tan b
)
, ℓ= e, m . (7.3)
9
Outlook
100 200 300 400 500 600 700 800 900 1000
5
10
20
30
40
50
MA (GeV)
  m  = 1000 ,  m0 = 800
ta
n 
b
 
Dc
2 < 2.30 Dc 2 < 4.61
bbH/A fi tt fi j j
bbH/A fi tt fi j m
bbH/A fi tt fi j e
H– fi t n
t
 
100 200 300 400 500 600 700 800 900 1000
5
10
20
30
40
50
55
MA (GeV)
  m1/2 = 500 ,  m0 = 1000
ta
n 
b
 
Dc
2 < 2.30
Dc
2 < 4.61
 
 
bbH/A fi tt fi j j
_
bbH/A fi tt fi j m
_
bbH/A fi tt fi j e
_
H– fi t n
t
 
100 200 300 400 500 600 700 800 900 1000
5
10
20
30
40
50
MA (GeV)
  m  = 1000 ,  m0 = 800
ta
n 
b
 
Dc
2 < 2.30
Dc
2 < 4.61
BR(Bs fi m + m - )
BR(b fi s g)
BR(Bu fi t n t )
100 200 300 400 500 600 700 800 900 1000
5
10
20
30
40
50
55
MA (GeV)
  m1/2 = 500 ,  m0 = 1000
ta
n 
b
 
Dc
2 < 2.30
Dc
2 < 4.61
 
 
BR(Bs fi m + m - )
BR(b fi s g)
BR(Bu fi t n t )
Figure 8: The (MA, tan b ) planes for the NUHM2 benchmark surfaces (6.1, 6.2) displaying (top) the 5-
s discovery contours for H/A → t + t − and H± → t ± n detection in the CMS detector, and (bottom) the
sensitivities provided by B decays: Bs → m + m −, b→ sg and Bu → t n [28].
In combination, these yield
RLFVK =
[
|1− m
2
K
M2H
m
t
me
D
11
RL tan
3
b |2 +
(
m4K
M4H
)(
m2
t
m2e
)
|D 31R |2 tan6 b
]
. (7.4)
The first term in (7.4) gets contributions from mixing in both the left- and right-handed slepton
10
Outlook
sectors, whereas the second term comes exclusively from mixing among the spartners of right-
handed leptons.
Left-handed mixing is constrained strongly by the upper limit on t → eg decay, so the dom-
inant combination may come from mixing in the right-handed slepton sector [30]. This does not
arise in a minimal SU(5) GUT, even including the seesaw mechanism for neutrino masses. How-
ever, it may arise in non-minimal GUTs, and make a contribution to (7.1) that is observable in
the NA62 experiment, despite the upper limit on t → eg decay. Maybe NA62 will find the first
evidence for a charged Higgs boson?
8. CP Violation in Higgs Physics?
As discussed previously, upper limits on flavour violation beyond the Standard Model suggest
that the supersymmetry-breaking scalar masses and trilinear scalar couplings are universal at high
scale for all sparticles with the same quantum numbers, in which case the following are independent
parameters:
m2
˜Q, ˜L, ˜U , ˜D, ˜E µ 13; Au,d,e µ 13; M1,2,3. (8.1)
In this case, all squark mixing is due to the Cabibbo-Kobayashi-Maskawa (CKM) matrix, a scenario
known as minimal flavour violation (MFV). This framework has a total of 19 parameters, of which
6 violate CP [31], namely:
ImAu,d,e; ImM1,2,3. (8.2)
It is often assumed that the parameters ImMa, ImA f are universal, but non-universality is com-
pletely compatible with MFV. The scenario with all 6 CP-violating phases left free is the maximally
CP-violating, minimally flavour-violating (MCPMFV) variant of the MSSM [31].
In the presence of CP violation, there is mixing between the scalar Higgs bosons h,H and the
pseudoscalar A, and one may label the mass eigenstates H1,2,3 in order of increasing mass [32]. In
this case, since the pseudoscalar state is no longer a mass eigenstate, it is better to use the charged
Higgs mass as a parameter to characterize the MSSM Higgs sector, e.g., by displaying (mH± , tan b )
planes instead of (mA, tan b ) planes. Fig. 9 shows some effects of CP-violating phases on the
masses and couplings of the MSSM Higgs bosons [33], under the simplifying assumption that the
phases ImAu,d,e and ImM1,2,3 are each universal. We see interesting level-crossing phenomena in
the masses, and possible suppressions of the HiVV couplings, which could have important conse-
quences for phenomenology. For example, the LEP exclusion of a neutral Higgs below 114 GeV
would no longer be valid in a CP-violating scenario, and there would be new challenges for Higgs
searches at the LHC, because of the different pattern of Higgs couplings [34].
The CP-violating phases in the MCPMFV are strongly constrained by the experimental up-
per limits on electric dipole moments (EDMs), notably those of Thallium, the neutron and Mer-
cury [35]. However, there is the possibility of non-trivial cancellations between the contributions
of different phases [36]. The three EDM constraints cannot force all the 6 CP-violating phases of
the MCPMFV model to be small simultaneously.
The MCPMFV phases may have important implications for the heavy Higgs contributions to
B-physics observables, such as Bs mixing, Bs → m m , Bu → t n and b→ sg [31]. Even after taking
into account the constraints these observables impose, it is possible that there might be an important
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Figure 9: The dependences on one CP-violating phase of (top) the two lightest neutral Higgs mass eigen-
states H1,2 and (bottom) the couplings of the three neutral Higgs bosons to pairs of Z bosons, for the indi-
cated values of other supersymmetric parameters [33].
contribution from MCPMFV phases to CP-violating observables such as the rate and CP-violating
asymmetry in b→ sg decay, as seen in Fig. 10.
One should be on the lookout not just for CP-conserving effects of charged Higgs bosons, but
also for the possibility that they may manifest CP violation beyond the CKM model.
9. Summary
The existence of charged Higgs bosons is generic in physics beyond the Standard Model. In
this talk I have focused on the MSSM s one particularly predictive example, but similar considera-
tions apply to many other proposed extensions of the Standard Model.
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Figure 10: The branching ratio B(B→ Xs g ) (left) and the CP asymmetry A dirCP (B→Xs g ) (right) as functions
of the common gaugino mass phase F M for four values of tan b , taking the trilinear coupling phase F GUTA =
0o. The region allowed experimentally at the 2- s level is bounded by two horizontal lines in the left frame.
In the right frame, points satisfying this constraint are denoted by open squares: see [31] for details.
The LHC offers real prospects for direct detection of charged Higgs bosons, and is coming on
line. After its brilliant startup and the subsequent disappointment, we are all crossing our fingers
for high-energy collisions in 2009.
However, the LHC is not the only game in town: there are also opportunities to probe charged
Higgs bosons indirectly in low-energy physics. Examples include tests of lepton universality in
K → ℓ n decays, a detectable contribution to Bu → t n decay, CP-violating effects, etc.
Floreat charged Higgs physics!
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